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ABSTRACT
We combine data from the Sloan Digital Sky Survey (SDSS) and the Arecibo Legacy
Fast ALFA Survey (ALFALFA) to establish an empirical model for the HI gas con-
tent within dark matter halos. A cross-match between our SDSS DR7 galaxy group
sample and the ALFALFA HI sources provides a catalog of 16,520 HI-galaxy pairs
within 14,270 galaxy groups (halos). Using these matched pairs, we model the HI gas
mass distributions within halos using two components: 1) in situ galaxy relations that
involve the HI masses, colors (g − r) and stellar masses 2) an ex situ dependence of the
HI mass on the halo mass/environment. We find that if we solely use galaxy associated
scaling relations to predict the HI gas distribution (solely component 1), the number of
HI detections is significantly over-predicted with respect the ALFALFA observations.
We introduce a concept for the survival of the HI masses/members within halos of
different masses labelled as the ‘efficiency’ factor, in order to describe the probability
that a halo has in retaining its HI detections. Taking the above consideration into
account we construct a ‘halo based HI mass model’ which does not only predict the
HI masses of galaxies, but also yields similar number, stellar, halo mass and satellite
fraction distributions to the HI detections retrieved from observational data.
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1 INTRODUCTION
According to the current paradigm of galaxy formation, dark
matter halos form and grow through gravitational insta-
bilities from small perturbations (Planck Collaboration et
al.2016). Within the potential wells of these halos, gas cools
and condenses, while galaxies and stars form (Katsianis et
al. 2017; Zhao et al. 2020). Thus, it is worth to investigate
any underlying gas-galaxy-halo connections, since they can
provide insight about the physical processes that regulate
galaxy formation and evolution (Wechsler & Tinker 2018).
The galaxy-halo connection has been extensively stud-
ied in the literature either by employing analytical models
such as the halo occupation distribution method (HOD, e.g.
Jing et al. 1998; Berlind & Weinberg 2002; Zheng et al. 2005;
Zehavi et al. 2011; Guo et al. 2015), the conditional luminos-
ity function (CLF, e.g. Yang et al. 2003), the subhalo abun-
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dance matching (SHAM; Vale & Ostriker 2004) or direct
observational measurements obtained for galaxy groups1.
Based on large sky redshift surveys such as the Sloan
Digital Sky Survey (SDSS; York et al. 2000), numerous
group catalogs have been constructed (Berlind et al. 2006;
Yang et al. 2007; Crook et al. 2008). Among different group
finders that have been applied to large redshift surveys (Eke
et al. 2004; Crook et al. 2007; Berlind et al. 2006; Lavaux
& Hudson 2011), the halo-based group finder developed by
(Yang et al. 2005), which sorts galaxies to their host halos,
has been extensively tested using mock galaxies from simu-
lations and has been found to perform typically better than
other traditional friends-of-friends method. Thus, the group
finder described in (Yang et al. 2005) is suitable to study the
relation between galaxies and dark matter haloes over a wide
dynamic range of halo masses, from rich clusters to groups
that contain just a few galaxies. The group finder has been
already applied successfully to 2dFGRS (Yang et al. 2005),
1 Groups are defined as sets of galaxies that reside within the
same dark matter halo (Yang et al. 2006, 2008).
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SDSS DR4 & DR7 (Yang et al. 2007), 2MRS (Lu et al. 2016)
and 6dF (Lim et al. 2017) to construct well-defined galaxy
group catalogs. These catalogs can provide useful constraints
on the galaxy-halo connection and offer the opportunity to
study galaxy evolution within dark matter halos.
Contrary to the well studied galaxy-halo connection,
due to difficulties in gas observations, the gas-galaxy con-
nection is not successfully constrained. Studies that focus
on the gas-galaxy connection can only give insights for
a certain mass range of halos (usually with a halo mass
Mh > 10
13 M⊙), e.g., using X-ray observations to probe the
hot gas in clusters (Wang et al. 2011; Wang et al. 2014) or
employing CO, HCN observations to probe cold molecular
gas in small clumps in galaxies (Saintonge et al. 2017; Tac-
coni et al. 2018; Piotrowska et al. 2020), or emission line
properties (Lopez et al. 2020). The neutral atomic hydrogen
(HI), which is thought to be loosely gravitationally bound to
galaxies, can be an important component to construct mod-
els for the gas-galaxy connection and involve a much larger
halo mass range than other gas elements. In addition, the
HI content is related to both the host halo properties and
regulates key properties of the galaxies residing within (Guo
et al. 2017,2020). For example, when galaxies move towards
the center of the gravitational potential of larger halos, the
cold gas within galaxies can be easily re-disturbed by galaxy
interactions and tidal forces (Hibbard & van Gorkom 1996).
Furthermore, HI gas in a galaxy, if cooled efficiently, can pro-
vide the reservoir for star formation (Katsianis et al. 2017a).
Therefore, the HI content is a good proxy for a halo’s impact
to its member galaxies while directly correlates with galaxy
properties.
In the past decade, large HI surveys have provided
the HI masses for thousands of galaxies with large multi-
wavelength coverage, such surveys include the HI Parkes
All-Sky Survey (HIPASS, Meyer et al. 2004) which involved
∼ 5,000 extra-galactic HI sources out to z ∼ 0.04 and cov-
ers the whole southern sky and the Arecibo Fast Legacy
ALFA Survey (Giovanelli et al. 2005) which detected more
than 30,000 extra-galactic HI sources out to z ∼ 0.06 in the
northern sky. Based on the above surveys, our understanding
for the cold gas content of galaxies has improved. For exam-
ple, the HI mass function of the HI-rich galaxies in the local
universe has been constrained (Zwaan et al. 2005; Martin et
al. 2010). In addition, numerous studies have been carried
out in order to unravel how the HI content in the galaxies
varies with morphology, luminosity, size and star formation
activity (Boselli et al. 2001; Cortese et al. 2011; Wang et
al. 2015). Thus, some studies have established correlations
between the HI and galaxies properties (Kannappan et al.
2004; Zhang et al. 2007; Zhang et al. 2009; Catinella et al.
2010; Catinella et al. 2012). In addition, other authors fo-
cus on establishing relations between the gas content and
group/cluster environment (Rasmussen et al. 2012; Serra et
al. 2012; Brown et al. 2016; Stark et al. 2016). Through sta-
tistical analyses of the HI gas content of member galaxies
within clusters like Virgo and Coma, it has been noticed
that most massive groups are deficient in HI, especially to-
ward the center (Solanes et al. 2001; Gavazzi et al. 2013;
Taylor et al. 2012; Cortese et al. 2008), while the situation
is still unclear in smaller halos (Rasmussen et al.2012b).
Instead of studying specific clusters, some authors have
examined the impact of environment for a wide range of
galaxy group halo masses using statistical samples. Using a
control sample which is constructed by isolated field galaxies
with similar stellar masses and redshifts, some studies find
that the HI content can be affected by the properties of the
host halo/group (Catinella et al. 2010,2012; Hess & Wilcots
2013; Yoon et al. 2015) or local density (Fabello et al. 2012).
Several mechanisms have been suggested to contribute to the
HI-deficient within a group, such as ram pressure stripping
(Gunn & Gott 1972; Cortese et al. 2011), tidal interaction
(Merritt 1983), galaxy harassment (Moore et al. 1996) and
viscous stripping (Rasmussen et al. 2012b). In addition to
these studies which focus on the environment, there is also
substantial work that is devoted in examining the proper-
ties of the HI sources themselves, like clustering and den-
sity, without focusing solely on individual galaxies (Chang
et al. 2010; Masui et al. 2013; Switzer et al. 2013). Some of
these studies focus on the particular environment of individ-
ual clusters which contain particular types of galaxies, such
as late type galaxies or galaxies with specific morphology.
Other studies focus on small galaxy samples without well
defined selection criteria. So far, no coherent HI gas-galaxy-
halo connections have been proposed.
In this paper, we carry out a systematic study for the
HI gas-galaxy-halo connection using a large sample of lo-
cal galaxy groups and the HI blind survey ALFALFA data.
We provide a model to describe the HI mass in galaxies, as a
function of both galaxy properties and halo mass. In the near
future, the next generation of HI surveys, such as the Five-
hundred-meter Aperture Spherical radio Telescope (FAST,
Nan et al. 2011); the on-going Australian SKA Pathfinder
(ASKAP) survey; the Wide-field ASKAP L-Band Legacy
All-Sky Blind Survey (WALLABY, Koribalski 2012) and the
Westerbork Northern Sky HI Survey (WNSHS, Duffy et al.
2012), will be sensitive enough to detect faint HI emissions
at high redshifts. These surveys will provide unprecedented
opportunities to probe the HI gas-galaxy-halo connections,
as well as the related galaxy formation processes. The HI
model described in this work can be used to construct mock
HI catalogs and provide insight and predictions for the find-
ings of these surveys.
The outline of this paper is as follows. In section §2 we
describe the HI source sample and galaxy group catalog used
in our work. In section §3 we develop an HI-galaxy scaling
relation, and used it as an initial try out model to predict
the HI gas mass distribution. In section §4 we investigate
how halo mass can affect the total HI content within groups
(halos), and construct the final galaxy/halo combined HI
mass model. We support that the later can successfully pre-
dict various HI distribution properties. Finally, our results
are summarized in section §5.
2 DATA
In this section, we describe the data used to constrain our
HI gas modelling.
2.1 The ALFALFA HI Sources
The Arecibo Legacy Fast ALFA (ALFALFA, Giovanelli et
al. 2005, Haynes et al. 2011) survey is a blind extra-galactic
HI survey. It covers approximately 7,000 deg2 on the north
MNRAS 000, 1–14 (0000)
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Figure 1. The relation between the HI mass logMHI and the
redshift z for each ALFALFA HI source considered in this work.
The red curve represents a fit to the maximum HI number counts
in each HI mass bin as a function of redshift. The line roughly cor-
responds to the HI mass detection limit above which HI detection
is complete.
sky, including two separate regions: The first from ∼ 7.5 hr
RA to ∼ 16.5 hr RA in the Arecibo Spring sky. The second
from ∼ 22 hr to ∼ 3 hr RA in the Arecibo Fall sky. The blind
observation of the 21-cm emission line is performed with the
305-m single-dish radio telescope at the Arecibo Observa-
tory with an angular resolution of 3.5′. In this study, we
make use of the final data release (Haynes et al. 2018, here-
after α.100), which contains 31,502 HI sources, up to redshift
z ∼ 0.06. Among the HI sources with available spectrum in-
formation, 31,158 sources (99%) have optical counterparts,
which are cross identified with the photometric and spectro-
scopic catalog associated with the SDSS. Within all these
HI sources, there are 25,434 HI detections with secure ex-
tragalactic sources (labelled as ”Code 1” in the ALFALFA
catalog), and 6,068 sources categorized as ”priors” (labelled
as ”Code 2” in the ALFALFA catalog). The later have low
signal-to-noise ratio (S/N 6 6.5) and usually are not con-
sidered reliable by the criteria set for ”Code 1”. The sources
have been matched with their optical counterparts which are
identified interactively by cross-matching external imaging
databases (Haynes et al. 2011). In the ALFALFA catalog,
each HI detection is characterized by its angular position in
the sky, radial velocity, velocity width W50, and integrated
HI line flux density S21. The HI mass (MHI) is calculated
via equation:
MHI
M⊙
= 2.356 × 105D2MpcS21 , (1)
following (Haynes et al. 2018). DMpc is the distance to the
sources in Mpc and S21 is the integrated flux in Jy kms
−1.
We note that no correction for HI self-absorption has been
applied.
Due to the survey’s flux limit on the HI line flux S21,
only a small portion of massive HI sources can be observed
at a fixed redshift, which in turn corresponds to a HI mass
detection limit. Fig. 1 shows the relation between the HI
mass (logMHI) and redshift z for each ALFALFA HI source
considered in this work. According to the HI mass function
given by ALFALFA (Jones et al. 2018) the number density
of HI mass bins increases with decreasing logMHI, thus at
a given redshift there are always more low mass HI sources
than massive ones. The red curve in Fig. 1 represents a fit
to the maximum HI number counts in each HI mass bin as a
function of redshift. This line roughly corresponds to the HI
mass detection limit above which HI detection is complete.
There are totally 17,928 sources above this detection limit.
Note that, the paucity of points at ∼ 0.053 arises because
many nights of ALFALFA observations have been contam-
inated by strong RFI generated by FAA radar at the San
Juan airport (Haynes et al. 2011).
2.2 Galaxy group catalog
In this study, we make use of the SDSS galaxy group cat-
alogs of Yang et al. (2007, hereafter Y07), constructed by
employing the adaptive halo-based group finder of Yang et
al. (2005). The parent galaxy catalog is the New York Uni-
versity Value-Added Galaxy catalog (NYUVAGC, Blanton
et al. 2005), here updated to Data Release 7 (DR7, Abaza-
jian et al. 2009), which contains an independent set of signifi-
cantly improved reductions. The Main Galaxy group sample
is constructed for galaxies in the DR7 complete to r-band
apparent magnitude r ∼ 17.77. The magnitudes and colors
of all galaxies are based on the standard SDSS Petrosian
technique. In this catalog, the k + e corrected luminosities
in the SDSS ugriz bands and the stellar masses, estimated
from the SDSS phorometry, are provided for each galaxy.
For each group included in the Y07 catalogue, the halo
mass Mh is estimated by two methods. One is based on
the ranking of the characteristic group luminosity, while the
other is based on the ranking of the characteristic group
stellar mass, which is defined as the total luminosity and
stellar mass of all group members with 0.1Mr − 5 log h 6
−19.5, respectively. Here the halo mass function obtained
by Tinker et al. (2008) adopts a WMAP7 cosmology with
A = 200, where A is the average mass density contrast in the
spherical halo. The above two halo masses agree reasonably
well with each other, while the difference between the two
values decreases from ∼ 0.1 dex at the low-mass end to
∼ 0.05 dex at the massive end. For our work, we choose
the Mh based on the ranking of group luminosity. For any
groups that the member galaxies are fainter than 0.1Mr −
5 log h = −19.5, the halo masses are estimated according to
the stellar to halo mass relation for central galaxies obtained
in Yang et al. (2012). By default, we consider the brightest
galaxy in a group as the central galaxy (BCG), while all the
others are considered satellite galaxies. We also investigated
the case in which the most massive galaxy in the group is
regarded as the central galaxy (MCG). In most cases, these
two definitions yield negligible consequences.
In summary, the group catalog used in our study con-
tains 639,359 galaxies in the redshift range 0.01 6 z 6 0.20,
distributed in 472,416 groups within which about 23,700
have three member galaxies or more. The upper panel of
Fig. 2 displays the ALFALFA HI detection sample and our
SDSS galaxy group catalog by blue and red dots separately.
The low panel of Fig. 2 demonstrates that the overlap be-
tween the ALFALFA and SDSS footprints is small in the
MNRAS 000, 1–14 (0000)
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Figure 2. Upper panel: the parent target distribution. The red dots represent the galaxies in the Y07 galaxy group catalog, while the
blue dots show all the HI sources in ALFALFA catalog. Bottom panel: the HI-galaxy/groups pairs cross matched between the Y07 and
the ALFALFA catalogs.
southern Galactic cap (SGC) and quite big in the northern
galactic cap (NGC).
2.3 HI - galaxy group counterpart
In the ALFALFA catalog, among the total 31,502 HI sources,
31,158 sources have been given optical counterparts by the
ALFALFA team, which constitute about 99% of the sam-
ple. SDSS images are used to identify interactively the most
probable optical counterpart of each HI source. The resolu-
tion of the ALFALFA spectral grids is about 4′, while the
positions of the HI sources can be determined to an accuracy
typically better than 20′′. The identification of the optical
counterparts is totally artificial and is based on informa-
tion such as color, morphology, redshift and separation from
the HI centroid. After processing each HI source, consistency
checks are in order to evaluate redshift discrepancies or cases
of large positional offset. More details of how to search and
identify optical counterparts can be found in Haynes et al.
(2011).
Among the SDSS galaxies identified as optical counter-
parts, 16,520 galaxies are included in the Y07 galaxy group
catalog, corresponding to 14,270 groups. Within these 16,520
HI-galaxy pairs there are 12,892 HI-central galaxy pairs and
3,628 HI-satellite galaxy pairs. The HI-galaxy pairs are se-
lected as the target sample for our investigation. Note that
we include both ALFALFA ”Code 1” and ”Code 2” sources,
which signal-to-noise ratios are S/N > 6.5 and S/N 6 6.5,
respectively. All the HI-galaxy-group pairs considered are il-
lustrated in the bottom panel of Fig. 2. In this study, we use
this sample to probe the in situ scaling relations between
HI mass-galaxy properties and the ex situ influence of the
larger scale halo environment.
We note that ∼30% of HI detections appear at the over-
lap region of SDSS footprint and are identified to have op-
tical counterparts to the ALFALFA survey, but their host
galaxies are not included in the Y07 galaxy group catalog.
In order to understand why the Y07 galaxy group catalog
missed the above HI matched galaxies, we matched the re-
lated HI detections with the SDSS DR13 galaxy catalog.
We find that ∼90% of the objects are identified to have
corresponding galaxies. However among these galaxies, only
∼45% have available spectra. Within the galaxies with avail-
able spectroscopic redshift information, ∼95% are fainter
than the r-band magnitude limit of the Y07 galaxy group
catalog. Thus, in short, the fact that most of the above HI
optical counterparts are missed by the Y07 galaxy group
catalog is due to two reasons:
• They do not have redshift information.
• They are too faint to be included.
3 HI MASS ESTIMATOR, TRY OUT MODEL 1
In this section, we first focus on galaxies with available HI
detections, i.e., the 16,520 HI-galaxy pairs. We start by in-
vestigating the impact of the HI-to-stellar mass ratio of these
galaxies to their in situ galaxy properties (e.g. SFR and stel-
lar mass) and present the HI mass estimator try out Model
1. We pick the HI fraction fHI as an indicator for the HI-to-
MNRAS 000, 1–14 (0000)
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stellar mass ratio in a galaxy:
fHI =
MHI
Ms
, (2)
where MHI is the HI mass and Ms is the stellar mass.
3.1 HI fraction with respect to different in situ
galaxy properties
Many studies have demonstrated that cold gas within galax-
ies is strongly related to key galaxy properties. Cold gas
has been found to be correlated with galaxy stellar mass
Ms (Cortese et al. 2011; Catinella et al. 2012; Huang et al.
2012), optical color (Kannapan 2004b) and surface bright-
ness (Zhang et al. 2009; Li et al. 2012). In this subsection we
investigate how the HI faction in galaxies depends on galaxy
properties in our sample.
In Fig. 3 we present the HI fraction, fHI, of galaxies
as a function of 6 key galaxy properties for the 16,520 HI-
galaxy pairs cross matched between α.100 and Y07. In the
top left panel we present the dependence on the r-band ab-
solute magnitude 0.1Mr − 5 log h, at the top right panel on
the g − r color, at the middle left panel on the concentration
r90/r50, at the middle right panel on the stellar mass Ms,
at the bottom left panel on the star formation rate (SFR)
and at the bottom right panel on the specific star formation
rate (sSFR), defined as the ratio between star formation rate
and galaxy stellar mass (i.e. log(SFR/Ms)). Overall, the HI
fraction has quite strong dependence on the above galaxy
properties, especially on stellar mass Ms, color g− r and ab-
solute magnitude 0.1Mr − 5 log h. Within the relations con-
sidered, it is not surprising that the HI fraction has a strong
dependence on star formation rate (SFR) and specific star
formation rate (sSFR) since the HI content provides the fuel
to form stars. Next, the HI fraction also depends strongly on
the galaxy concentration r90/r50, where r90 and r50 are the
radii containing 90% and 50% of the Petrosian flux in the
r-band. There is an obvious break at r90/r50 ∼ 2.6, above
which a strong anti-correlation between the HI fraction and
concentration for galaxies emerges. The above can be ex-
plained by the fact that the r90/r50 = 2.6 value is a threshold
that divides early type galaxies from late types which may
have been already quenched and have red colors (Strateva
et al. 2001).
Among the relations considered some are clearly cou-
pled with each other. For example, the absolute magnitude
and stellar mass are strongly correlated with each other.
Even concentration which is linked to the galaxy morphol-
ogy, can be associated with color. The sSFR is by definition
dependent on both SFR and stellar mass. According to the
above couplings, we suggest that in order to account for the
overall HI fraction in galaxies and construct a model, only
two properties may be needed, e.g., color and stellar mass.
Indeed, the above two parameters have already been proven
to be the primary properties that are linked to the galaxy
HI fraction by other authors (Bell et al. 2003; Zhang et al.
2009; Li et al. 2012).
In addition, since we have the central/satellite type in-
formation for the HI-galaxy pairs, it would be interesting
to investigate if the two different populations demonstrate
different galaxy property dependencies or not. To this end,
we separate the HI-galaxy pairs as central and satellite sub-
samples. The results are represented by the red and the blue
dashed lines of Fig. 3, respectively. The relations found for
central and satellite galaxies do not show obvious differences
with each other. Thus for our subsequent modeling for the HI
gas component, we do not treat central and satellite galaxies
separately.
3.2 The HI mass estimator Model 1
In this subsection we establish the HI mass estimator Model
1, following the relations given in the previous section for
the HI-galaxy pairs. Other authors, have previously made
attempts to calibrate the HI fraction to galaxy properties,
trying to find an estimator (a combination of properties)
of HI mass with a scatter as small as possible (Kannappan
2004a; Zhang et al. 2009; Li et al. 2012). Among the galaxy
properties correlated with the HI mass fraction considered in
our work, color (g− r) and stellar mass (Ms) are the most
commonly used, since they strongly correlate with the HI
content (subsection 3.1), and also are easily accessible in
observational studies and mock observations (Katsianis et
al. 2019,2020; Trvcka et al. 2020; Baes et al. 2020). Mean-
while, other properties considered, like the luminosity, star
formation rate and concentration, basically are coupled with
either stellar mass or color.
The strong correlations present in Fig. 3 imply that
there potentially exist a plane with a well defined relation
involving the following three variables: the HI mass fraction
(fHI), the stellar mass (Ms) and the color (g − r). In our
work we assume a relation between the three properties of
the following form:
log fHI = a logMs + b(g− r) + c , (3)
where the coefficients a, b, and c are free parameters. In or-
der to infer the coefficients, we fit all the data points with
the above equation using the Monte-Carlo Markov Chain
(MCMC) method and explore the likelihood function in the
multi-dimensional parameter space (Yan et al. 2003; van den
Bosch et al. 2005) in our sample. We give each data point
a weighting coefficient w which is obtained by their signal-
to-noise ratio (w = S/N/6.5). Thus, we treat the HI source
with higher S/N as more reliable than those with lower val-
ues. Then, we chose the parameter set which has the high-
est likelihood. The corresponding HI fraction can thus be
described by the following equation,
log fHI = −0.224 logMs − 1.30(g − r) + 2.96 . (4)
We adopt this relation as our try out model (Model 1 here-
after) for the HI mass estimation.
Before applying the above model to large samples, we
first test its performance to our 16,520 HI - galaxy pairs,
for which we already know the HI gas mass for each galaxy
directly from the α.100 catalog. Fig. 4 shows the compari-
son between the HI mass estimated by our model (Eq. 4),
MHI(est), and the observed HI mass provided by the α.100
catalog, MHI(obv). In order to quantify the scatter of the
logMHI(est) = logMHI(obv) relation which is represented by
the red line in the top panel of Fig. 4, we measure the stan-
dard variance σ between the estimated and the observed HI
MNRAS 000, 1–14 (0000)
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Figure 3. The dependency of the HI mass fraction on different galaxy properties for the matched HI-galaxy pairs. Top left panel: r-band
absolute magnitude. Top right panel: color. Middle left panel: concentration. Middle right panel: stellar mass. Bottom left panel: star
formation rate. Bottom right panel: specific star formation rate. The black line represents the HI-galaxy pairs, while the red and blue
dashed lines represent the central and the satellite galaxies, respectively. The error bars indicate the 68% confidence level around the
median.
mass for each galaxy. The σ is defined as:
σ =
√∑n
i=1
(logMest − logMobs)2
n− 1
, (5)
where n is the number of galaxies in each HI mass bin with
width ∆ logMobs = 0.1. The result is shown in the middle
panel of Fig. 4 by the red curve. Overall, the scatter is close
to ∼ 0.25 dex for intermediate HI masses, increasing at the
low and high mass end and demonstrating a U-shape form.
At the bottom panel of Fig. 4 we present the HI mass dis-
tributions. The observed distributions of HI mass given by
α.100 are demonstrated by a black curve while the estimated
HI mass are represented by the red curve.
For comparison, we apply the HI mass estimator pro-
vided by Zhang et al. (2009, Z09 hereafter) to the same
sample. The Z09 HI estimator is derived from 800 HI-galaxy
pairs cross-matched using the SDSS DR4 and Hyper Leda
HI data. The authors inferred the HI gas fraction for each
galaxy using its color and surface stellar mass density µi:
log(MHI/Ms) = 0.215µi − 1.73(g − r)− 4.08. (6)
The standard variance σ and HI mass distribution given by
the Z09 estimator are plotted in the middle and bottom
panels and are represented by the black dotted curves. In
general, our HI estimator has a similar performance with
Z09. Our model performs better for predicting the HI mass
galaxies at the high mass end, while Z09 tends to be more
accurate at the low mass end.
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Figure 4. Upper panel: The performance of our HI mass estima-
tor (Model 1), i.e., the estimated HI mass v.s. the observed HI
mass distributions. Middle panel: The standard variance given by
our HI mass estimator (solid line) and the one given by Z09 (dot-
ted line). Lower panel: The HI mass distribution function given
by α.100 (black solid line), our model (red solid line) and Z09
(dotted line).
3.3 Test Model 1 by constructing mock HI
catalogs
In order to test the performance of our try out Model 1, we
directly apply it to the SDSS galaxy catalog used by Y07 and
see if it generates similar HI detections to the ALFALFA HI
survey. The overlap of footprints between the Y07 and α.100
catalogs is mainly found for the NGC, where the redshifts
of galaxies in the Y07 catalog (z ∼ 0.2) extend to higher
values. In order to compare with the α.100 and eliminate
effects related to redshift evolution, we only include galaxies
with z 6 0.06. Unlike the 16,520 HI - galaxy cross matched
sample, most of these objects do not have HI detections. If
our try out model is successful, i.e., the HI fraction depends
on stellar mass and color (equation 5), we should predict
roughly the same HI detections as in the ALFALFA obser-
vations, given of course that all the observational selection
effects are taken into account.
We first apply our HI mass estimator to all galaxies
found in the Y07 which have z 6 0.06. An HI mass MHI is
assigned for each galaxy using Eq. 4 and a scatter is associ-
ated, in accordance with the solid line shown in the middle
panel of Fig. 4. These HI masses are all treated as poten-
tial HI sources. Due to the survey limit, not all of these HI
sources would be detected. Thus, for the second step, we ap-
Figure 5. The top panel shows the distribution of 5,668 detec-
tions given by the α.100 catalog. The middle panel shows the
11,084 detections predicted by our galaxy HI mass estimator
(Mock 1). The bottom panel shows the 5,681 detections predicted
by our halo based HI mass estimator (Mock 2).
ply the same selection effects to the above sample as those
of the ALFALFA and generate a mock HI catalog.
The ALFALFA is a blind and flux-limited HI survey.
The survey depends both on the integrated HI line flux den-
sity S21 and the line profile width W50, as the detector is
more sensitive to narrower line profiles than broader ones at
a given S21. The flux density S21 is related to the HI mass
(Haynes et al. 2011):
MHI
M⊙
= 2.356 × 105D2MpcS21 , (7)
while the line profile width is connected to the intrinsic ro-
tational velocities vrot by:
2vrot = W50/ sin(i) . (8)
The galaxy inclination i is randomly selected from 0 to 90
degree and assigned to each galaxy in our catalog. In ad-
dition, the rotational velocity correlates with the baryonic
MNRAS 000, 1–14 (0000)
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mass of a galaxy (McGaugh 2012),
Mb = 47V
4
rot . (9)
Here, the baryonic mass Mb is the sum of all observed com-
ponents, including stellar mass and gas (HI) mass:
Mb = Ms +MHI . (10)
Using Eqs. 7, 8, 9 and 10, we obtain the velocity width of
the HI line profile W50 in kms
−1 and integrated HI line flux
density of the source S21 in Jy km s
−1 for each HI source
predicted by our estimator. Whether a target can be ob-
served or not by a galaxy survey depends on the complete-
ness criterion, satisfying both the W50 and S21 limits. For
the ALFALFA, a relationship between the S21 and the W50
of a source in terms of the signal-to-noise ratio S/N of the
detection is given by Giovanelli et al. (2005):
S21 =
{
0.15S/N(W50/200)
1/2, W50 < 200
0.15S/N(W50/200), W50 > 200
. (11)
The above equation gives the expected theoretical survey
completeness limit, which can be derived from the AL-
FALFA dataset. According to Saintonge (2007), the non-
Gaussian noise of the automatic signal extractor for AL-
FALFA is generally above S/N = 6.5. The authors assume
that, for a flux-limited sample from a uniformly distributed
population, the number counts will follow a power-law with
an exponent of -3/2. Thus, the onset incompleteness can be
determined when the data deviate from this form (Haynes
et al. 2011). The resulting 90% completeness limit for the
ALFALFA sources can be expressed as:
S21,lim =
{
0.5 logW50 − 1.14, logW50 < 2.5
logW50 − 2.39, logW50 > 2.5
. (12)
The distribution of the velocity width W50 versus the
integrated flux density S21 plane based on the α.40 cata-
log (Papastergis et al. 2011) shows that the detection limit
of the survey is consistent with Eq. 12. Thus, we use the
above to determine the detectable sources for our mock HI
targets generated from Y07 galaxy catalog. We only include
the potential HI targets with S21 > S21,lim. Meanwhile, other
blind HI surveys, like HIPASS, have estimated the complete-
ness of their catalogs as a function of the profile width W50.
The distribution of profile widths W50 shows a cutoff at
30 kms−1 both for HIPASS and for ALFALFA. We also no-
tice that measurements of the velocity width W50 extend
up to W50 ∼ 20 kms
−1, which represents an additional sur-
vey limit for the catalog. Here, to comply with the above
completeness limit, we also employ a limit of W50,lim = 20
for the simulated HI targets from Y07. Last, we only select
mock HI targets with S21 > S21,lim and W50 >W50,lim in
order to comply with the α.100 survey limit.
Once the mock HI catalog (hereafter Mock 1) under the
ALFALFA survey criterion is constructed, we can proceed
to compare it with the α.100 observations within the same
sky range and the same completeness limits. To ensure a fair
comparison, we make the following constraints for both the
observational and mock HI sources:
• We use a common volume by selecting an overlap sky
coverage: 140 < ra 6 230 and 1 < dec 6 35, and an overlap
redshift range: 0.01 < z 6 0.06.
• In order to ensure that the surveys considered are com-
plete in HI mass, we only consider objects in both samples
with HI masses above the completeness limit represented by
the red curve of Fig. 1.
• Galaxies within the Y07 catalog are only complete in
terms of the r-band apparent magnitude up to r = 17.77 due
to limits of the SDSS survey. This means that many poten-
tial HI objects are neglected because their optical counter-
parts are too faint to be detected. Thus, we remove the HI
detections from the α.100 sample which do not have optical
counterparts in Y07.
• Since only bright galaxies can be observed and included
in our analysis, the magnitude limit will induce a redshift
dependent incompleteness in the number of galaxies and
groups/halos. To make a fair comparison with ALFALFA
that does not suffer from the halo mass incompleteness de-
scribed above, we make use of the conservative halo-mass
limit following Yang et al. 2009, i.e.:
logMh,lim = (z− 0.085)/0.069 + 12.0 . (13)
According to this criterion, at a given redshift z, halos with
masses larger than Mh,lim are considered to be complete
within the survey. For both the mock and the observed HI
detections, we choose to keep only the detections that are
related to halos with masses larger than Mh,lim.
With all these restrictions, we are set to compare the
numbers and distributions of the HI detections from our HI
estimator and α.100 catalog. At the top and middle panels of
Fig. 5 we present the distributions of these HI detections and
compare the results of the observed α.100 catalog and the
Mock 1 HI catalog, respectively. There are 5,668 detections
for the α.100 and 11,084 detections for our mock catalog.
The mock catalog contains ∼ 95% objects more than the
observed one. An additional test using other HI estimators,
like the one given by Z09, also shows that the HI detections
are overestimated significantly. A reasonable explanation is
that there is a large fraction of galaxies which do not follow
the HI mass scaling relation derived from the observed HI-
galaxy pairs and the try out model (and similar calibrations)
does not perform adequately.
4 HI MASS ESTIMATOR FINAL MODEL 2
In section 3.3 we demonstrated that our Mock 1 catalog sig-
nificantly over-predicts the total HI population. The above
implies that either 1) we have assigned galaxies with too high
HI masses, or 2) that the large scale environment, e.g., the
halo, is able to deplete somehow the HI gas. To test the first
assumption, we separate the HI-galaxy pairs into two sub-
samples, one that contains galaxies with redshift z > 0.03
and the other z < 0.03. Since the latter subsample suffers
less from the ALFALFA flux limit, the HI mass distributions
as well as the scaling relation that is used to derive the HI
mass should shift to lower HI mass values. However, we do
not see such a trend. Thus, we decide to explore the second
assumption, i.e. the hypotheis that the HI gas in galaxies is
significantly impacted by the halo environment. A question
that arises is : environment is able to ⁀reduce HI sources in
each halo ? or totally remove all the HI sources in certain
halos ? In order to quantify such an environment effect, we
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Figure 6. The relation between the total HI mass and halo mass.
Top panel: The observed MtHI-Mh relation. Middle panel: The
MtHI-Mh from the Mock 1 catalog. Bottom panel: The M
t
HI-Mh
from the Mock 2 catalog. Black points represent the groups that
have HI detections, while the red symbols with error bars repre-
sent the median and 68% confidence level for all the data. The
blue solid line represents a fit to the observed data from AL-
FALFA.
set out to measure the total HI gas within each galaxy group
(halo).
4.1 Total HI mass in halos
In this subsection, we measure the total HI gas within galaxy
groups. Instead of the MHI of individual galaxies, here we
focus on the MtHI, defined as the total cold gas mass within
each halo. This is equal to the sum of the HI masses of all HI
detections located within each separate group (halo). Halo
mass is a proxy of the halo environment and is also included
in the Y07 group catalog. At the top panel of Fig. 6 we
present the relation between the MtHI and halo mass Mh
for the cross matched objects between the Y07 and α.100
catalogs, after taking into account the completeness limit
cuts as outlined in section 3.3. The red points with error
bars represent the median and 68% confidence level at each
halo mass bin, respectively.
It is expected that the total HI mass MtHI increases
with halo mass, since more massive halos tend to contain
more member galaxies and thus more cold gas. However, in
Fig. 6 we demonstrate that the relation between MtHI and
Mh is not linear. Interestingly, over a very large mass range
(logMh > 11.0), the total HI mass is almost unchanged. We
remind that our estimation of HI masses is based on a flux-
limited HI survey. Including fainter HI sources, below the HI
survey limit might slightly increase the total HI mass within
different halos. However, since we focus on the total HI mass
as a function of halo mass, not as a function of redshift, the
incompleteness factor is not expected to change the slope
of the MtHI −Mh relation significantly. We perform a fit to
the MtHI −Mh distribution to obtain the following best fit
equation:
logMtHI = 9.7(logMh − 10.2)
0.03 . (14)
The best fit is plotted at the top panel of Fig. 6 as a blue
curve.
We investigate the total HI mass as a function of halo
mass for our Mock 1 catalog at the middle panel of Fig. 6.
For comparison, we also include the best fit line obtained
from the observational data from ALFALFA via the blue
solid line. With respect the observations, the total HI mass
in massive halos is significantly enhanced in the Mock 1 cat-
alog. The comparison suggests that large halos should un-
dergo somehow an HI deficit.
4.2 Instant or continuous depletion?
After demonstrating the presence of an HI deficient scenario
in halos, we proceed to address the following question: The
HI depletion is an instant or a continuous process? To answer
this question, we probe the HI fraction of the HI-galaxy pairs
as a function of halo mass. Since many observations sug-
gest that the interaction between galaxies and intracluster
medium is important for removing/heating gas from galax-
ies. If the HI depletion is a continuous process, we shall find
a halo mass dependence since galaxies in more massive halos
suffer from stronger depletion effect. In order to disentangle
the dependence of the HI fraction on other galaxy properties,
we separate the sample into different sub-samples according
to their stellar mass and color. In Fig. 7 we present the HI
fraction fHI of galaxies for sub-samples in six stellar mass
bins (top left panel: Ms = 10
8.6−9.0 M⊙, top right panel:
Ms = 10
9.0−9.4 M⊙, middle left panel: Ms = 10
9.4−9.8 M⊙ ,
middle right panel: Ms = 10
9.8−10.2 M⊙, bottom left panel:
Ms = 10
10.2−10.6 M⊙, bottom right panel: Ms = 10
10.6−11.0
M⊙). We find that there is no significant halo mass depen-
dence. In addition, we separate galaxies into centrals (red
dashed line) and satellites (blue dashed line). We do not
find obvious differences between centrals and satellites, while
there is no dependence of the fHI on halo mass. Furthermore
we also separate the galaxies into different color subsamples
and present the results in Fig. 8 for red (g− r > 0.8), green
(0.5 6 g − r < 0.8) and blue (g− r < 0.5) galaxies, respec-
tively. We can see that galaxies of different colors, despite
the fact that they overall have different average values for
fHI, have fractions with no significant halo mass dependence.
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Figure 7. The relation between galaxy HI mass fraction and halo
mass Mh at different mass scales. Top left panel: Ms = 10
8.6−9.0
M⊙, top right panel: Ms = 109.0−9.4 M⊙, middle left panel:
Ms = 109.4−9.8 M⊙ , middle right panel: Ms = 109.8−10.2 M⊙,
bottom left panel: Ms = 1010.2−10.6 M⊙, bottom right panel:
Ms = 1010.6−11.0 M⊙. The black line represents all HI-galaxy
pairs, while the red and blue dashed lines represent the central
and satellite galaxies, respectively. The error bars indicate the
68% confidence level around the median.
In Fig. 7 and Fig. 8 we demonstrate that the HI frac-
tion of the observed HI-galaxy pairs does not show signif-
icant halo mass dependence. Thus, we assume that the HI
gas depletion in dark matter halos is an instant and not
a continuous process. We note that once a depletion effect
takes place, it instantly depletes the HI gas associated with
the galaxy and thus we do not observe this HI-galaxy pair
anymore.
4.3 The HI mass estimator Model 2
To properly model the impact of a halo to the HI gas of its
member galaxies, we introduce a concept for the survival of
HI mass labelled as the ‘efficiency’ factor, which describes
the probability of a halo of not removing any of its HI gas
component. The above is defined as the ratio of the HI de-
tections which have been observed (Nobv) via the detections
which would be observed (Nest) according to Model 1, i.e.
Nobv/Nest. More specifically Nobv represents the number of
HI detections at the α.100 catalog, while Nest represents
the detections for the Mock 1 model (Eq. 4). Note that
here we apply the same survey selection criteria for both
the observed and Mock1 catalogs, including the halo mass
completeness limit, as described in section 3.2. Ideally, if
the halo environment would not have any impact on the HI
Figure 8. Similar to Fig.7 but galaxies are separated into differ-
ent color sub-samples.
Figure 9. The relation between halo mass and the HI survive ef-
ficiency defined as the ratio between observed HI detections Nobv
and mocked HI detections by galaxy HI estimator Nest within the
halo. The error bars are given by 500 bootstrap re-samplings.
component of galaxies we would have Nobv/Nest = 1. But as
shown in section 3.3, it is expected that the Nest is much
larger than the Nobv and thus Nobv/Nest is expected to be
lower than 1.
Fig. 9 shows the ‘efficiency’ for halos at different mass
scales. Black symbols with error bars represent the overall
population ratio Nobv/Nest as a function of halo mass. Here
the error bars are obtained from 500 bootstrap re-samplings.
We also investigate seperately the central and satellite popu-
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lations by following the red and green dashed curves, respec-
tively. Overall, the ‘efficiency’ is decreasing with increasing
halo mass. The above suggests that the ability of halo en-
vironment on suppressing its HI gas component is stronger
in more massive halos. The picture persists for central and
satellite galaxies, except at the low mass end. We note that
in our analysis, due to the magnitude limits of the survey,
the total number of satellite galaxies is small and thus the
uncertainty at the last mass bin is quite large.
In order to better quantify the HI survival efficiency,
we perform a fit to the data shown in Fig. 9 and obtain the
following relation:
fe(Mh) = Nobv/Nest = 1.16(logMh − 9.5)
−1.0 . (15)
The best fit line is shown in Fig. 3.3 (dashed blue line). We
note that Zhang et al. (2020) found that the Hα emission
in groups demonstrates an ‘efficiency’ factor with a similar
behavior.
Using the efficiency factor described above, it is quite
straightforward to construct a final HI mass estimator model
(Model 2), which has two components: one related to galax-
ies and one related to halos. Since we take into account both
the properties of the galaxy and its parent halo to construct
our HI model, we refer to the above as the ‘halo-based’ HI
estimator (Model 2). It contains the following two steps:
• First, similar with model 1 described in section 3.2, we
treat all galaxies in Y07 as potential HI source candidates.
We assign each object an HI mass according to our galaxy
HI mass estimator (Eq. 4), with the scatter taken account
in the model.
• Second, according to the host halo mass of that galaxy,
we get an HI survival ‘efficiency’ factor using Eq. 15. We
draw a random value fi equally distributed within [0,1]. If
fi 6 fe, we keep the resulting HI mass. Otherwise, the HI
mass is set to be zero.
We assume that the amount of the HI content within a
galaxy is primary depend on the galaxy properties. However,
the halo environment can decide whether a galaxy has cold
gas or not. Many previous studies have shown that galaxies,
regardless if they have an HI detection or not, do not have
a significant statistically difference in their properties. This
feature is also confirmed in section 4.2. Thus, we support
that our assumption is reasonable.
4.4 The performance of our final Model 2
To assess our ‘halo-based’ HI mass estimator (final Model
2), we apply it to the SDSS observation and get an updated
mock HI catalog (hereafter Mock 2). Similar to the Mock
1 HI catalog, we also apply various survey selection limits
to it. We compare the Mock 2 HI detections with the real
HI detections provided by the α.100 catalog under the same
completeness cuts.
The bottom panel of Fig. 5 displays the distribution
of the Mock 2 HI detections generated by our halo based
HI model. For this sky coverage, there is a total of 5,681
detections. In the top panel, we compare the predictions
from the Mock 2 model to the observations obtained from
the α.100 catalog for the same sky range. We find that there
is only a difference of 0.2% in the number of HI sources. At
the middle panel of the same figure we demonstrate that the
Figure 10. A comparison between the estimated halo HI mass
distribution and the observational HI mass distribution for dif-
ferent halo mass environment. The dots with errorbars, the solid
black and the dashed blue lines represent the Mock 2, ALFALFA
and Mock 1 catalogs, respectively. The error bars are given by
500 bootstrap re-sampling.
visual distribution pattern obtained for the Mock 2 catalog
is much closer to the pattern obtained in observations.
As a consistency check, at the lower panel of Fig. 6 we
present the total HI mass - halo mass relation generated for
our Mock 2 HI catalog and demonstrate that it is consistent
with the one obtained from the α.100 data. Our halo-based
HI estimator predicts a similar HI mass - halo mass relation.
As an independent assessment for the goodness of our
Model 2, we compare the HI mass distributions of observa-
tion and mock samples. The above comparison is shown at
the upper panel of Fig 10. The black curve represents the
α.100 catalog, while the blue and red curves are given by
the Mock 1 and the Mock 2 catalogs, respectively. Here all
MNRAS 000, 1–14 (0000)
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Figure 11. The fraction of satellite galaxies fsat as a function of absolute magnitude (left panel) and stellar mass (right panel). The
dots with errorbars, the solid black and tue dashed blue lines represent Mock 2, ALFALFA and Mock 1 catalogs, respectively.
HI detections are restricted by the same sky coverage and
under the same completeness criteria. Overall, the distri-
butions given by the Mock 2 model and observation are in
good agreement with each other, while the Mock 1 model
significantly over-predicts the results.
An other indicator of the success of our model comes
from the comparison between the observed and the simu-
lated number distributions of HI sources at different halo
mass bins (three bottom panels of Fig. 10). We can see that
over different halo mass scales, the Mock 2 catalog shows a
very good agreement with the observational data. The Mock
1 catalog demonstrates a large excess in numbers with re-
spect observations, while the limitation of the model be-
comes more severe for more massive halos.
As a final test, we compare the satellite fractions of
galaxies predicted by our Mock 2 catalog to those obtained
from the Mock 1 catalog and the observed HI-galaxy pairs
(Fig. 11). We note that in order to make a fair comparison
between the above, we apply the selection criteria described
in section 3.3. Because we applied these criteria, the satellite
fractions shown in this plot are quite different from those ob-
tained by Yang et al. (2008), especially at the low mass end,
since faint central galaxies are not included in our analysis.
Model 2 performs much better than Model 1 in replicating
the observed α.100 satellite fraction as a function of stellar
mass and luminosity.
We plan to demonstrate in a companion paper that our
model is able to predict the correct HI mass function and
clustering properties (Wang et al. 2020, in preparation). All
these tests demonstrate that our halo-based HI estimator
captures important features for the HI-galaxy-halo connec-
tion. The model can also be applied to predict HI catalogs
for deeper HI surveys like FAST.
5 SUMMARY
In this study, we have constructed a ‘halo-based’ HI mass
estimator, employing the relation of HI sources with their in
situ galaxy and ex situ host halo environments. The analysis
makes use of 16,520 HI-galaxy pairs extracted from the α.100
catalog which correspond to 14,270 HI cross matched groups
from the SDSS DR7 galaxy group catalog (Y07). Our main
results are summarized bellow:
• There is a strong dependence of a galaxy HI fraction
with properties like absolute magnitude, color, stellar mass,
star formation rate and concentration. By employing such
relations we develop a galaxy HI mass estimator (try out
Model 1) for the detected HI-galaxy pairs. Our estimator in-
volves the g− r colors and stellar masses of galaxies, while it
can predict the HI mass of a galaxy with a standard variance
of σ ∼ 0.25.
• Applying our try out Model 1 to the SDSS DR7 galaxy
catalog, and taking into account various selection com-
pleteness limits, we demonstrated that this galaxy-related
HI mass estimator significantly overestimates HI detections
with respect the observational results.
• By comparing the total HI mass in groups (halos) to
the observed and mock HI catalogs, we found an obvious
suppression of the total HI content within groups with halo
masses of logMh > 12.0.
• The total HI mass in a group obtained from the AL-
FALFA observations keeps almost unchanged with increas-
ing halo mass for logMh > 11.0 objects.
• Based on the above findings, we proposed a ‘halo-based’
HI mass estimator (final Model 2), which involves the ability
of the HI gas (mass) to survive in halos of different masses,
by taking into account an additional HI survive ‘efficiency’
factor.
• Applying our ‘halo-based’ HI mass estimator (Model 2)
to the SDSS DR7, we generate a mock HI catalog that is
in good agreement with observations in terms of the total
number, HI mass distribution, total HI in halos and satellite
fractions.
We support that our model is ready to be applied to
galaxy surveys (like FAST and SKA) to predict the HI gas
distribution of the local Universe. Meanwhile, our HI-halo
efficiency model may contain important information about
the interaction of galaxies and underlying feedback in dark
matter halos. We will investigate the above using Hydro-
dynamical simulations in future work.
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